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Abstract

:

Under the JST-ERATO project in progress to develop X-ray and neutron phase-imaging methods together, recent achievements have been selected and reviewed after describing the merit and the principle of the phase imaging method. For X-ray phase imaging, recent developments of four-dimensional phase tomography and phase microscopy at SPring-8, Japan are mainly presented. For neutron phase imaging, an approach in combination with the time-of-flight method developed at J-PARC, Japan is described with the description of new Gd grating fabrication.
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1. Introduction


High-energy beams of quanta (such as photons, neutrons, electrons, and so forth) that penetrate materials can be used to visualize inner structures non-destructively. In radiography and microscopy, various imaging systems have been developed and widely used for many purposes. The most primitive imaging signal is attenuation of the penetrating beam intensity by absorption in addition to nominal decrease in intensity due to scattering. However, when materials of high transmittance (in other words, transparent materials) are observed, one is faced with a problem of insufficient contrast in the resultant images. For high-energy photons (X-rays), materials consisting of low-Z elements, such as biological soft tissues and polymers, cause this problem; as shown in Figure 1, the absorption cross sections decrease significantly for elements with a lower atomic number (Z) [1]. While neutron absorption cross-sections do not depend on an atomic number as simple as those for X-rays, Figure 1 shows that neutron absorption contrasts are high for materials consisting of specific elements [2]. These properties limit the scope of X-ray and neutron radiography.



By using the wave nature of quanta, phase contrast can overcome this problem. The interaction of quanta with matter is described in terms of complex refractive index, complex permittivity, complex susceptibility, or complex scattering length. The imaginary parts of these quantities describe absorption, and the real parts cause the phase shift in the wave of quanta. The real parts are generally much larger than the imaginary parts; Figure 1 shows that the interaction cross sections of the phase shift of X-rays (30 keV) and neutrons (25 meV) per atom are much larger than those of absorption. Using this fact, one can visualize inner structures of even almost transparent materials by exploring phase-contrast techniques.



The interaction cross section of the X-ray phase shift is given by    r e   λ X   ( Z +  f ′  )   , where   r e   is the classical electron radius (or Thomson scattering length),   f ′   is the real part of the anomalous scattering factor, and   λ X   is the X-ray wavelength. The interaction cross section of the neutron phase shift is given by    b c   λ n   , where   b c   and   λ n   are the coherent scattering length and the de Broglie wavelength of neutrons, respectively. Macroscopic phase shifts are calculated by taking into account the constitution and density.



The phase information is normally lost by measuring the intensity of wave simply, and specific optical techniques should be used to generate phase contrast, which were mainly developed in optical microscopy after the first pioneering work by Zernike in 1934 [3]. However, the development of phase-contrast techniques for X-rays and neutrons appeared nearly half a century later [4,5,6,7]. This is because the magnitudes of interaction of X-rays and neutrons with matter are not high compared with that of visible light and therefore optical elements, such as lenses and mirrors, available for X-rays and neutrons are extremely limited unlike the field of visible light. Another reason is that the wavelengths of X-rays and de Broglie wave of neutrons used for radiography (cold and thermal neutrons) are much shorter than the wavelengths of visible light, and therefore extremely high mechanical stability in optical alignment is required. As a result, controlling X-rays and neutrons is not a straightforward process. Moreover, as some degree of spatial coherency is required to generate phase contrast, the performance of X-ray and neutron sources is indicated as a key factor to realize phase-contrast techniques.



After many years’ efforts, the development of fabrication technologies of X-ray optical elements and synchrotron radiation facilities has activated the progress of X-ray phase-contrast techniques especially since the 1990s. With regard to neutrons, accelerator-based neutron facilities have recently been put into operation in addition to reactor-based types, and the phase-contrast techniques developed for X-rays are extending to neutron radiography. In addition, as described later, the development of digital X-ray and neutron image detectors has played an important role.



Among phase-contrast techniques, the grating-based approach is now widely used because of its flexibility. We have been conducting a collaboration program (JST-ERATO) to expand the frontiers of phase-imaging methods with the beams of high-energy photons (X-rays) and neutrons, and our recent activities are introduced in this review.




2. Grating-Based Phase Imaging Method


2.1. Methods to Generate Phase Contrast


There are several techniques to generate X-ray phase contrast, as shown in Figure 2. Before describing the grating-based phase imaging method in detail, an overview of other techniques is provided.



The most direct approach is to use a two-beam interferometer, where an object beam through a sample and a coherent reference beam are generated and mixed (Figure 2a). Interference fringes corresponding to contours of the phase shift caused by the sample are observed. Since the wavelengths of X-rays are extremely shorter than those of visible light, it is difficult to construct a two-beam interferometer so stable that the fluctuation in the optical path difference is much less than one wavelength. Nevertheless, a crystal interferometer monolithically cut out from an ingot of Si single crystal is used [8]. X-ray phase imaging and phase tomography described later was first demonstrated with this device [9], and its excellent sensitivity to cancerous tissues was reported [10]. Neutron interferometry was also realized by this device [11], although to the best of our knowledge, neutron phase imaging has not yet been reported with this approach.



The approach shown in Figure 2b uses an analyzer crystal, which diffracts X-rays partially through Bragg diffraction [12,13,14]. Since the angular width of Bragg diffraction by a single crystal (dynamical diffraction) is the order of a 10  μ rad or smaller and the angle of the X-ray deflection induced by refraction at a sample is in the same order, contrast depending on the X-ray refraction caused by a sample is generated by an analyzer crystal placed behind the sample.



When crystals are used through Bragg diffraction, however, monochromatic and plane wave must be used, and the flux density available for imaging is extremely reduced. Therefore, these approaches (Figure 2a,b) are feasible with synchrotron radiation. Since it is not easy to ensure a neutron flux sufficient for radiography through crystal optics, no reports have been published for neutron phase imaging with these approaches.



Figure 2c shows that grating interferometry, which is the main subject in this review, uses a transmission grating as an analyzer [15]. Since all phenomena in this system occur under the paraxial approximation, polychromatic and spherical wave is available. As a result, even laboratory-based X-ray sources and neutron sources are available for imaging applications, as described later.



Another approach attracting attention is the propagation-based method (Figure 2d), which generates contrast due to Fresnel diffraction [16,17,18,19]. In radiography, an image detector is placed just behind a sample to avoid image blurring (penumbra). However, under coherent illumination, one observes the Fresnel diffraction phenomena behind a sample even with X-rays and neutrons by setting a certain space between a sample and an image detector. The visibility of Fresnel diffraction fringes reduces when the degree of spatial coherence of the illumination is not high. However, the contrast consisting of a pair of black (dark) and white (bright) lines remains and outlines structural boundaries in a sample. This method is easily implemented because no optics are used except that illumination with partial spatial coherence is ensured. This effect is observed routinely at third-generation synchrotron radiation facilities and by using a micro-focus X-ray tube in a laboratory. This approach was also demonstrated with neutrons [20].



In the far field (Fraunhofer regime), a diffraction pattern corresponding to the Fourier transform of the electron density of a sample is observed (in the case of X-rays). Strictly speaking, the amplitude of the Fourier transform is detected, but the phase factor is lost. Therefore, one cannot reconstruct the electron density from the diffraction pattern via inverse Fourier transform (the so-called phase problem). However, after the development of iterative phase retrieval approaches with a boundary condition whereby a sample is isolated in the field of view, the phase problem can be solved (coherent diffraction imaging, Figure 2e) [21]. Recently, this technique has been combined with a scanning scheme to observe extended samples (X-ray ptychography) [22]. This development has been attracting increased attention combined with the construction of ultimate storage rings for synchrotron radiation [23] and X-ray free electron lasers [24,25,26]. More details are described in excellent reviews [27,28]



X-ray phase imaging is also introduced into X-ray microscopy. Following the developments with Zernike’s approach, various different approaches were also demonstrated [29]. One of them is by grating interferometry, more details of which are described below.




2.2. Principle of Talbot Interferometry and Phase Imaging


Phase imaging is used in this review to emphasize that it is realized by combining the optical technique of phase-contrast generation with the digital technique of phase measurement. The former is the grating-based system, such as the Talbot interferometer [15] or Talbot–Lau interferometer [30], which consists of transmission gratings. The latter is typically the phase-stepping (in other words, fringe-scanning) technique [31], which acquires multiple phase-contrast pictures by displacing one of the gratings [15]. When a phase-contrast picture is recorded, absorption contrast is normally mixed. Furthermore, contrast due to the imperfection in optical elements and their alignment is added. As a result, the feature in the picture is occasionally too complicated to understand the structures of samples. The phase measurement technique can generate images of the phase shift and absorption separately and quantitatively from such phase-contrast pictures recorded by a digital image detector. In addition, an image of scattering by a sample is also generated through the reduction of the visibility of interference fringes [32]. The images generated by phase imaging are thus effective in understanding sample structures.



The configuration of a Talbot interferometer is shown in Figure 3a. Two transmission gratings (G1 and G2) are aligned along the optical axis. G1, for which a phase grating is normally used, generates a self-imaging (fractional Talbot) effect [33,34] when it is illuminated by a spatially coherent wave. Behind the grating, diffractions (0th, ±1st, ±2nd, ⋯) occur and a specific interference field (Talbot carpet) is formed. The self-imaging effect is maximized in the Talbot carpet at specific distances   z s  


   z s  = p   d 1 2  λ   R  R − p   d 2  λ    ,  



(1)




where   d 1   and  λ  are the period of G1 and the wavelength of the wave, and p is a half integer when the grating is a type of   π / 2   phase shift and an odd multiple of 1/8 when a type of  π  phase shift. R is the distance between the source and G1.



A sample is normally placed in front of G1, but the position between G1 and G2 is selected occasionally. Then, the Talbot carpet is deformed due to the refraction by the sample. By analyzing the deformation, the structures in the sample can be visualized even if no clear absorption contrast is shown.



The self-imaging effect cannot be observed unless the spatial coherence length of the incident wave is larger than the period of the gratings. The spatial coherence length at G1 is given by   ∼ λ R / s  , where s is the size of the source, and the typical spatial coherence length achieved for X-rays is about 10  μ m. Therefore, the gratings whose periods are several microns are normally fabricated and utilized. The period of the self-image appearing in the Talbot carpet is also several microns. While it is possible to analyze the self-image by employing a high-resolution X-ray image detector, the field of view (FOV) is normally limited.



To ensure a larger FOV, Talbot interferometry employs a second grating (G2), which is an absorption grating that transmit X-rays partially and is placed at the position of self-imaging. The period of G2 (  d 2  ) should be almost the same as that of the self-image; that is,    d 2  =  d 1   ( R +  z s  )  / R  . Behind G2, a moiré pattern is generated by the superposition of the self-image and the transmission function of G2. The feature of the moiré pattern corresponds to the deformation of the self-image. The moiré pattern is resolved easily with a normal X-ray image detector with a large FOV even if the self-image is not resolved. This is the concept of the phase-contrast generation.



Here, it is assumed that the grating has a linear pattern of a periodicity in the x direction. Then, the moiré pattern   I ( x , y )   is given with three independent parameters   A ( x , y )  ,   B ( x , y )  , and    φ x   ( x , y )    approximately by


  I  ( x , y )  = A  ( x , y )  + B  ( x , y )  cos    2 π  z s    m  d 2     φ x   ( x , y )  + Δ  ( x , y )   ,  



(2)




where, using the phase shift   Φ ( x , y )   caused by the sample,


   φ x   ( x , y )  =  λ  2 π     ∂ Φ ( x , y )   ∂ x   .  



(3)







Theterm   Δ ( x , y )   is added to express the effects of the imperfection in grating fabrication and grating alignment. When a   π / 2   phase grating is used, interference between neighboring diffraction orders causes the self-imaging with a period of   d 2  , and   m = 1  . When a  π  phase grating is used, the period of the self image is half of   d 2  , and therefore   m = 1 / 2  . This is because interference between the 1st and −1st order diffraction waves is dominant (the 0th order diffraction is suppressed). Strictly speaking, by considering all possible interferences, higher-order terms should be added in Equation (2) [35]. However, because the phase-stepping technique described below deals with the fundamental sinusoidal component and the higher-order component is negligible in many experiments, using the form of Equation (2) is reasonable.



  I ( x , y )   is not used as it is for imaging applications. Absorption contrast and phase contrast coexist in   I ( x , y )  , and furthermore moiré fringes are added (when the fringe period is larger than FOV, this effect is observed as a gentle gradient in intensity). The phase-stepping (in other words, fringe scanning) technique generates images of    φ x   ( x , y )    and   A ( x , y )   separately and quantitatively. The effect of   Δ ( x , y )   is eliminated by repeating the measurements with and without a sample. In addition, the extraction of   B ( x , y )  , which relates to the scattering property of a sample, is feasible, as discussed later.



To perform the measurements for the phase-stepping technique, one of the gratings is displaced in the x direction by a step of the fraction of   d 2   (or   d 1  ) and the measurement of the moiré pattern is repeated. The measured moiré patterns are


   I k   ( x , y )  = A  ( x , y )  + B  ( x , y )  cos    2 π  z s    m d    φ x   ( x , y )  + Δ  ( x , y )  + 2 π  k M   ,   ( k = 1 , 2 , ⋯ , M )  ,  



(4)




where M is an integer (  M ≥ 3  ). When disregarding the effect of higher orders in obtaining Equation (2) is a concern, selecting a larger integer for M is effective to remove the effect [36]. At every pixel position,   ( x , y )  , the detected intensity follows a sinusoidal curve (so-called, phase-stepping curve) correspondingly with Equation (2). The average, shift, and amplitude of the curve correspond to   A ( x , y )  ,    φ x   ( x , y )   , and   B ( x , y )  , respectively (Figure 4a). Moiré patterns are acquired at discrete points along the phase-stepping curve, and they are calculated by


     A ( x , y )    =     ∑  k = 1  M   I k   ( x , y )  ,     



(5)






     B ( x , y )    =    2 | S ( x , y ) | ,     



(6)






      φ x   ( x , y )  + Δ  ( x , y )     =     d  2 π  z s    arg  S ( x , y )  ,     



(7)




where   arg {  }   implies the extraction of the argument, and


  S  ( x , y )  ≡  ∑  k = 1  M   I k   ( x , y )  exp  − 2 π i  k M   .  



(8)







In Equation (7), the term   Δ ( x , y )   can be determined by using the measurement data with out a sample. The visibility   V  ( x , y )  ≡  {  I max   ( x , y )  −  I min   ( x , y )  }  /  {  I max   ( x , y )  +  I min   ( x , y )  }  = B  ( x , y )  / A  ( x , y )   , where    I max   ( x , y )    and    I min   ( x , y )    are the maximum and minimum values in the phase-stepping curve, is used rather than   B ( x , y )   in forming an image. Figure 4b–d show an example of phase-stepping measurement of a grape. Images of absorption, differential phase, and visibility calculated from five moiré patterns measured by displacing G2 with a step of    d 2  / 5   are presented.



The formalization of the phase-stepping technique assumes that the grating displacement is ideal and the beam flux is constant during the measurement. However, in practical use of the phase-stepping technique, problems of mechanical thermal drift, mechanical vibration, and/or instability in the beam intensity occur occasionally and cause artifacts in the calculations by Equations (5)–(7). Therefore, we developed a new algorithm that estimates stepping errors of the grating and/or flux fluctuation and generates images as close as those in the ideal condition [37]. This algorithm was used in the techniques described in the next section.




2.3. Visibility Reduction Induced by Scattering


The physical senses of   A ( x , y )   and    φ x   ( x , y )    are trivial; that is, absorption and refraction, respectively. With the linear absorption coefficient   μ ( x , y , z )  ,


  A  ( x , y )  =  I 0   ( x , y )  exp  − ∫ μ ( x , y , z ) d z  ,  



(9)




where    I 0   ( x , y )    is the intensity of the incident beam. For the latter, introducing the relation


  Φ  ( x , y )  =   2 π  λ  ∫ δ  ( x , y , z )  d z ,  



(10)




to Equation (3),    φ x   ( x , y )    is written as


   φ x   ( x , y )  = ∫   ∂ δ ( x , y , z )   ∂ x   d z ,  



(11)




where   δ ( x , y , z )   is the refractive index decrement from unity.



How is the visibility reduction by a sample   V  ( x , y )  /  V 0   ( x , y )   , where    V 0   ( x , y )    is the visibility with out a sample, translated to material property? From an optical viewpoint, the visibility reduction implies the decrease in the spatial coherence. A part of the beam scattered by a sample that no longer contributes to forming a moiré pattern is considered to be responsible for the visibility reduction, and this signal is often referred to as the dark-field signal [32]. The wavefront deformed by a sample has various components of spatial frequency depending on the structures in the sample. Since the wave propagates in the direction perpendicular to the wavefront in a free space, lower-frequency components tend to go forward and higher-frequency components are deflected further. Considering the threshold between these frequency regions to be the spatial resolution, the former can be observed in    φ x   ( x , y )   . The latter corresponds to (ultra) small-angle scattering and is depicted not in    φ x   ( x , y )   , but in   V ( x , y )  .



The auto-correlation function of the wavefront plays an important role [38,39,40]. When a sample is placed upstream of G1 and use of plane wave is assumed, the frequency component corresponding to the auto-correlation length given by   λ  L  G 1 − G 2   / d   reduces visibility significantly, where   L  G 1 − G 2    is the distance between G1 and G2. It is considered that structures (scatterers) with sizes around the auto-correlation length mainly cause the visibility reduction. When a sample is placed behind G1 with a distance   L  S − G 2    to G2, the frequency component corresponding to the auto-correlation length given by   λ  L  S − G 2   / d   reduces visibility. Therefore, the sensitivity to scatterers is tuned depending on their size by changing the position of the sample.




2.4. Phase Tomography


X-ray computed tomography (CT) is a technique to visualize inner structures three-dimensionally with out cutting a sample [41]. Conventional X-ray CT measures the transmittance   T ( x , y )  , which has the following relation with the linear absorption coefficient   μ ( x , y , z )  :


  − ln T ( x , y ) = ∫ μ ( x , y , z ) d z .  



(12)







By repeating measurements of transmittance from multiple projection directions surrounding a sample,   μ ( x , y , z )   can be reconstructed. When the phase shift   Φ ( x , y )   is measured quantitatively, Equation (10) is found as the relation corresponding to Equation (12). Then, a three-dimensional map of the refractive index (or  δ ) is reconstructed by using the same reconstruction scheme as that for conventional X-ray CT (phase tomography [9]).



In the phase imaging by grating interferometry, a similar relation is found in Equation (11) except that the derivative   ∂ δ ( x , y , z ) / ∂ x   is in the integral. By using a Hilbert kernel in the filtered back-projection method [42], phase tomography that reconstructs   δ ( x , y , z )   is attained.



With regard to the visibility (dark-field) signal,   − ln V  ( x , y )  /  V 0   ( x , y )    can be used for tomographic input data, expressing it approximately using a quantity   α ( x , y , z )  ,


  − ln V  ( x , y )  /  V 0   ( x , y )  ≃ ∫ α  ( x , y , z )  d z .  



(13)







In terms of linear diffusion coefficient [43] or generalized scattering parameter [44], the physical sense of   α ( x , y , z )   is discussed. However, bridging this quantity to structural properties is not so straightforward as in the case of absorption (conventional) tomography or phase tomography. Structural boundaries (and surfaces) also generate the strong dark-field signal, and the reconstruction results show features outlining boundaries apart from the distribution of scatterers [45]. Furthermore, when polychromatic X-rays are used, a beam-hardening effect caused by a sample generates pseudo contrast because the visibility also decreases when the X-ray spectrum changes [46]. Further studies on how to acquire structural information from the dark-field signals are now in progress.




2.5. Grating Fabrication for X-ray Talbot Interferometer


G2 must be an absorption type that blocks a part of X-rays efficiently. Gold is used for the grating material because its absorption coefficient is high and electroplating is applicable. However, while the grating period should be in the order of microns, the pattern height (thickness in the direction of X-rays) should be several tens of microns or more even if gold is used. Thus, a high aspect-ratio structure must be fabricated. Furthermore, the area of the grating pattern should be as large as possible, because it defines the FOV. As a solution to this demand, an approach by combining X-ray lithography and gold electroplating was successfully developed [47,48] and is now commercialized. Gratings with a pattern 10 cm × 10 cm and ca 200  μ m high are currently available. Recently tiling approaches have been used to extend FOV [49,50].




2.6. Extension from Talbot Interferometry


Talbot interferometers should be operated under spatial coherent illumination so that the spatial coherence length is comparable to or larger than the grating period. It is comparatively easy to meet this demand for X-ray experiments by using synchrotron radiation or micro-focus X-ray tubes. However, for neutron radiography, it is tough to prepare spatially coherent beams especially with a sufficient flux. One of remarkable properties of Talbot interferometry is that the concept can be extended to a form available with an incoherent beam; that is, Talbot–Lau interferometry shown in Figure 3b.



A Talbot–Lau interferometer is built by adding a source grating (G0) to the configuration of a Talbot interferometer (G1 and G2). The function of G0 is creating an array of point sources. Strictly speaking, the source array (grating pattern) is extended in the y direction, which is independent of the interferometer function, and therefore an array of line sources would be a more correct expression. However, point source is used in the following explanation for the sake of comprehensiveness. Each source functions as a point source (like a micro-focus X-ray tube) for the Talbot interferometer downstream. The period of G0 is designed so that the self-images formed at G2 by two neighboring point sources are shifted by one period and as a result all self-images are overlaid constructively. Then, a radiation source with a large size and a high power, which provides only incoherent illumination, is available for phase imaging. This advance enabled us to construct X-ray phase imaging systems for (pre-)clinical purposes [51,52,53,54,55] and industrial non-destructive testing [50] with a conventional X-ray tube. Neutron beams for radiography are in general incoherent, and neutron phase imaging was realized by using Talbot–Lau interferometry [56].



Figure 3c shows another form of grating interferometry for using an incoherent beam. The merit of this configuration is that G2 is not used, which is remarkable when higher energy X-rays are used to observe thicker objects. Absorption gratings for higher X-ray energy require a much higher aspect-ratio structures because the X-ray absorption coefficient is inversely proportional roughly to the third power of the photon energy. Fabricating such a grating is not straightforward especially with the approach described in Section 2.5.



In designing a Talbot–Lau interferometer, there are two solutions in optical alignment for a given total length. Regarding Figure 3b, inverse geometry [57] is also a solution; that is, G2, G1, and G0 are aligned in this order from the source side. In Figure 3c, G0 corresponds to G2 in Figure 3b and the position of G1 is shifted near to the source. Since the distance from G1 to the detector is large, the self-image of G1 is magnified and can be resolved directly with out using G2. This configuration is called a Lau interferometer [58]. In addition to the potential for high-energy X-ray phase imaging, the Lau interferometer was also utilized for the development of X-ray microscope described in Section 3.2 later.





3. Development for X-ray Phase Imaging


3.1. Four-Dimensional X-ray Phase Tomography


Most X-ray phase tomography activities were demonstrated for static objects. Even if the structures are revealed, the functions in the objects are not always understood. Dynamics must be observed to overcome this limitation, and therefore we have been developing four-dimensional X-ray phase tomography.



A remarkable characteristic of Talbot interferometry is that polychromatic X-rays are available, since the interferometer functions in the paraxial region. Therefore, we took advantage of the extremely high flux of white synchrotron radiation to perform high-speed phase imaging [59] and four-dimensional phase tomography [60]. The aforementioned phase-stepping technique with a step-by-step grating displacement would not be compatible for these purposes because such mechanical motions should generate vibration by speeding up and adversely affect the interferometer. Therefore, the Fourier-transform method [61] with the introduction of carrier fringes (rotation moiré fringes) by inclining one of the gratings (but with out any grating movement) was employed. Temporal resolutions of millisecond order in 2D and second order in 3D were attained. However, the spatial resolution limited by the carrier-fringe spacing was not satisfactory for further applications. Moreover, serious radiation damage to samples remained as a problem, especially when living organisms were observed.



The visibility attained by a Talbot interferometer with X-rays of a bandwidth (  Δ E / E  ) about 10% is almost comparable to that with monochromatic X-rays [36,62]. Under white synchrotron radiation from a bending section of a storage ring (bandwidth ∼1), a part of the spectrum components cannot contribute to contrast formation but is harmful for samples because of radiation damage. Therefore, we have installed a band-pass filter multilayer mirror at BL28B2 of SPring-8, Japan, which is dedicated for various user experiments with white synchrotron radiation. As shown in Figure 5, white synchrotron radiation is reflected on a depth-graded W/Si multilayer with a glancing angle of 5.11 mrad, and a pink beam of a 25-keV central energy and a 10% bandwidth is formed slightly downward. The maximum beam section is 50 mm wide and 5 mm high and the photon flux density is 10   13   photons/s/mm   2  .



A Talbot interferometer optimal for 25-keV X-rays was set on the axis of the pink beam, and a video of moiré pattern was recorded by a CMOS camera combined with a Y   3  Al   5  O   12  :Ce scintillator (20  μ m in thickness) via a coupling lens. The effective pixel size was set to 10  μ m for the experiments described below.



This system was applied to the observation of polymer samples under infrared laser irradiation [63]. The motivation was to visualize the dynamics of the interaction of polymers against laser, emulating the situation of laser processing. Figure 6 shows the result obtained for a polypropylene sample in the form of a thick disk (9.8 mm in diameter and 2 mm in thickness). For a CT scan, the sample was rotated about the center axis of the disk. An infrared CW fiber laser beam (Nd:YAG, 50 W) was introduced along the center axis with a spot size of 35  μ m. The sample was rotated by 450   ∘  /s, and CT measurement was continued for 56 s. In this study, instead of the Fourier-transform method, we employed the continuous fringe-scanning method [64], which was developed to seek a compatibility with four-dimensional phase tomography by rotating a sample and displacing a grating with constant speeds unidirectionally. The spatial resolution and image quality is much better than those by the Fourier-transform method although the temporal resolution was compromised by a factor of 10.



In this result, the laser transmitted the sample and hit the Al support beneath the sample, and melting was observed from the opposite side to the laser irradiation. Thanks to the phase-imaging sensitivity, solid and melt sample regions were differentiated (darker for the melted region), as shown in Figure 6. The speed of the expansion of the melting frontier was evaluated to be ca 78  μ m/s.



Another application result for a carbon fiber reinforced polymer (CFRP), where tomographic reconstruction by the visibility reduction (dark-field signal) was effective, is shown in Figure 7 [65]. A semi-fusiform region from the laser impact grew, showing visibility reduction more clearly at the frontier of the semi-fusiform region. While the laser spot size was about 35  μ m, the diameter of the region exceeded 1 mm in a few seconds.




3.2. X-ray Phase Microscopy and Tomography


The spatial resolution achievable with a Talbot interferometer is limited by the grating period (several microns), according to its contrast generation mechanism. However, considering the recent progress in materials science and life science, this spatial resolution is unsatisfied occasionally. Fabricating gratings of a sub-micron period [66] would be a direct solution to achieve better spatial resolutions. However, microscopic phase-imaging has not been reported by using such gratings, except for a unique approach of grating interferometry demonstrated by using only three sub-micron phase gratings [67,68].



We have been developing an approach where an X-ray imaging microscope is combined with a Talbot interferometer [69,70], as shown in Figure 8a. In the X-ray region, a Fresnel zone plate (FZP) is employed as a lens element. By placing a sample in front of the FZP and an X-ray image detector far downstream (several meters or more), a magnified image of the sample is observed. Under synchrotron radiation illumination, a focus is formed at the focal plane of the FZP and considered as a point source for the Talbot interferometer (G1 and G2) aligned in front of the image detector. The wavefront modulation by the sample causes the change in the intensity profile on the focal plane and corresponding differential phase contrast is obtained on the detector plane through the interferometer. Thanks to the magnification of the microscope, a spatial resolution beyond the grating periods of G1 and G2 is achieved (200 nm in 2D and 600 nm in 3D [71]). This microscope was applied to mouse bone imaging [70,71,72,73] (Figure 9), which was conducted to study postnatal bone formation utilizing the advantage that the degree of bone mineralization and soft tissues (bone cells and blood vessels) are depicted together.



Figure 8b shows another configuration for microscopic phase imaging, which has a potential for better image quality. The differential phase contrast in combination with microscopy has a drawback of sensitivity reduction due to the magnification. This is because the wavefront is expanded laterally while the phase shift is constant through the microscope. As a result, the signal (differential phase) is decreased inversely in proportion to the magnification. Figure 8b corresponds to the inverse geometry of the Talbot interferometer. Then, the self-image is directly resolved by an image detector because of the long distance between the G1 and detector, and therefore G2 is omitted. Through a phase-stepping measurement, a twin phase image    Φ twin   ( x , y )   :


   Φ twin   ( x , y )  = Φ  ( x − r / 2 , y )  − Φ  ( x + r / 2 , y )  ,  



(14)




which consists of a positive phase image and a negative phase image overlaid with a shear distance r, is obtained [74]. Because of the magnification, r was much larger than the system spatial resolution and the twin feature appears, while r is smaller than the spatial resolution in normal conditions, resulting in a differential phase image.



When an incoherent X-ray source, such as a rotating anode source, is used, by placing a G0 grating upstream of a sample, the same concept is implemented in a laboratory-based X-ray microscope [75]. Recently, this configuration has been realized with a commercially available X-ray microscope (ZEISS Xradia 800 Ultra, Carl Zeiss X-ray Microscopy, Inc.; CA, USA). The superiority of this approach to the Zernike phase contrast [76] and an iterative deconvolution method to obtain single phase images from the twin phase images [77] were reported. Figure 10a shows its optical configuration; the image of G0 (not shown) is formed by the FZP in front of G1 and functions as the G0 of Figure 3c. The twin phase image and its deconvolution results obtained for a larval Ciona robusta are presented in Figure 10b–d. Phase tomography based on this microscope is also in progress [78].





4. Development for Neutron Phase Imaging


4.1. Neutron-Grating Fabrication


As shown in Figure 1b, the neutron absorption coefficient of Au is not high, and the gold X-ray grating is not used for neutron imaging. The absorption coefficient of Gd is exceptionally high, and therefore fabrication of Gd gratings is a key issue. However, Gd electroplating is not commonly performed and other approaches should be sought to fabricate neutron absorption gratings.



Grünzweig et al. started grating-based neutron phase imaging by realizing a Gd absorption grating with the inclined evaporation method [79]. A Si linear grating was first fabricated by photo lithography, reactive ion etching, and KOH wet etching, and then Gd was evaporated on the side and shoulder of Si lamellae, resulting in a Gd pattern with a 4  μ m period and a height of 11  μ m, which was available for cold neutrons. A Talbot–Lau interferometer was constructed at the Swiss Spallation Neutron Source (SINQ). A technique of Gd-powder filling to a Si grating was adopted to fabricate G0 because its period was large (1.08 mm). G1 was a Si phase grating fabricated in the same manner as the base of G2. This interferometer produced various pioneering results of neutron phase imaging/tomography, showing that the dark-field signal (visibility reduction) is useful for depicting bulk magnetic domain structures [80,81,82] and superconductors [83]. Recently, its application has been extended to the visualization of magnetic fields by polarized neutron grating interferometry [84].



At BL22 RADEN [85] in J-PARC MLF, Japan, we have developed a Talbot–Lau interferometer to study energy resolved neutron phase imaging by the time-of-flight (TOF) method [86]. To fabricate high-aspect ratio Gd gratings for G2, we studied two approaches: Metallic-glass imprinting [87] and improved inclined Gd evaporation [88,89].



4.1.1. Gd-Based Metallic-Glass Imprinting


Metallic glass [90] has an amorphous form and superior thermoplastic-forming ability in the supercooled liquid region. Moreover, it is possible to explore constitutions with a high percentage of Gd atoms. Therefore, we studied the possibility of fabricating Gd gratings by imprinting on a Si grating. Since Si is almost transparent to neutrons, the structure of Gd-based metallic glass formed between Si lamellae functions as a neutron absorption grating. While isothermal conditions for the impinging procedure were not successful in filling the metallic glass into the Si grating fully because of the collapse of the Si grating pattern, isochronal conditions via the crystal phase were found to be effective. As a result, gratings of Gd   60  Cu   25  Al   15   and Gd   60  Cu   25  Al   13  B   2   with a depth of ca 30  μ m and a period of 9  μ m were fabricated [87]. The Talbot–Lau interferometer with the Gd-based metallic-glass grating functioned at J-PARC [91]. However, the FOV was limited by the size of the grating (1 cm × 1 cm). At present, expanding the size has not been attained because imprinting with a higher pressure under a rapid and uniform heating treatment is not straightforward.




4.1.2. Improved Inclined Gd Evaporation


The size of gratings that define imaging FOV should be as large as possible especially for neutron applications because a typical spatial resolution of neutron image detectors is 100  μ m or larger and it is characteristic of neutron radiography that thick and large objects can be imaged. Inclined Gd evaporation is attractive for attaining a large FOV, although dumpling-like Gd deposits tend to be formed [79]. In our study, the form of Gd deposits could be controlled to some extent by repeating deposition on a sliding Si grating [88]. It was demonstrated that a Talbot–Lau interferometer functions with the grating at J-PARC [92], and refinement of the process has been in progress, resulting in a 64 mm × 64 mm grating size and a 24  μ m pattern height (9  μ m period), as shown in Figure 11 [89].





4.2. Neutron Phase Imaging at J-PARC


Using the pulse nature of the neutron beam at J-PARC, we combined Talbot–Lau interferometry and the TOF method with the time-resolved counting-type neutron imaging detector  μ NID [93]. As mentioned, a Talbot–Lau interferometer functions with a polychromatic wave. However, the refractive index is a function of the neutron energy, and the resultant differential phase image is obtained as a mixture of those at various spectrum components. In an X-ray study [94], the effective energy was defined to deal with resultant images in the same manner as those by monochromatic X-rays. However, the reduction in the contrast by using polychromatic illumination was not overcome. Due to the availability of the TOF method with pulsed neutrons, assuming the spectrum dependence of    φ x  ∝  λ 2   , the differential phase image at every energy bin can be converted to that at the design energy optimal for the interferometer. Then, by summing up the converted images, a clearer image with statistics better than that by a monochromatic beam only can be generated [86].



Figure 12 demonstrates this concept with rod samples of Ti and Al of a diameter of 5 mm. The design wavelength optimal for the Talbot–Lau interferometer was 5 Å, and TOF measurements were performed in the range of 1.5–8.5 Å. Figure 12a is the image obtained from the data at 5 Å only. The rods produced opposite differential phase contrasts, showing that Ti causes a negative phase shift. However, the statistics of the image were not satisfactory because the number of neutrons was limited. Figure 12b shows the wavelength dependence of the differential phase revealed by the TOF measurement. The longer the wavelength, the stronger the differential phase contrast (i.e., refraction). Assuming    φ x  ∝  λ 2   , the differential phase image at each energy bin was converted to that at 5 Å, and Figure 12c was obtained by summing them all up. In contrast, the differential phase image produced in the normal way with out resolving energy showed a weaker contrast (Figure 12d).





5. Summary


Recent achievements of X-ray and neutron phase imaging under our collaboration program supported by JST-ERATO were introduced. Developments for high-end grating-based phase imaging are in progress at quantum beam facilities. Pink-beam four-dimensional X-ray phase tomography and X-ray phase microscopy/tomography were representatively described. We are also developing super-resolution X-ray phase imaging, stroboscopic X-ray phase imaging, sensitivity-enhanced X-ray phase imaging, and so forth in this program, the details of which will be reported in the near future [95,96,97]. Moreover, at neutron facilities, further studies for energy-resolved phase imaging, spin-polarized phase imaging, and so forth, will be performed.



X-ray grating interferometry started with synchrotron radiation first and has recently attracted attention from medicine and industry fields because conventional X-ray generators are also available, and implementation in hospitals, laboratories, factories, and inspection sites is expected. Thus, its expansion from huge facilities to compact systems should be highlighted. Even for neutron grating interferometry, the combination with a compact neutron source [98] is within our scope, following the progress of X-ray grating interferometry.



In addition to the development of methods and apparatuses, applications of phase imaging should be promoted. While the use of the X-ray phase microscopy for studying bone samples was only introduced, a variety of interdisciplinary collaborations are expected to be initiated further by the progress in phase imaging. Under the cooperation between X-ray phase imaging and neutron phase imaging, interesting applications may emerge by utilizing them both together because different responses to an object are expected between X-rays and neutrons. Furthermore, we consider that collaboration with information science is an important and attractive subject. In dealing with digital images for phase imaging/tomography, introducing state-of-the-art progress in image reconstruction algorithms will be effective especially when the radiation dose should be reduced, the number of projections should be decreased, and/or a sample larger than the FOV is scanned.



In this review, introduction to the entire progress in this field was not possible. For other important subjects, such as vector radiography and tensor tomography based on the dark-field signal, combination with energy-resolvable photon-counting image detector, speckle-based approach, coded aperture approach, and so forth, we recommend readers to check the references [99,100,101,102,103,104,105,106]. Finally, we expect that this description of the contents of both X-ray and neutron developments together will be suggestive and stimulating for further progress and application promotion of phase imaging.
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Figure 1. Interaction cross sections per atom of absorption and phase shift for X-rays (30 keV) and neutrons (25 meV). 
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Figure 2. Techniques developed to generate X-ray phase contrast: (a) Two-beam interferometry, (b) diffraction-enhanced imaging, (c) grating interferometry, (d) propagation-based method, (e) coherent diffraction imaging. 
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Figure 3. Configuration of grating interferometry for phase imaging: (a) Talbot interferometer, (b) Talbot–Lau interferometer, (c) Lau interferometer. 
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Figure 4. (a) Phase-stepping curve expressed by   A ( x , y )  ,   B ( x , y )  , and    φ x   ( x , y )   . Images of (b) absorption, (c) differential phase, and (d) visibility obtained with X-rays for a grape. 
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Figure 5. Experimental setup (side view) of pink-beam 4D phase computed tomography (CT) for observing a sample under laser irradiation. 
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Figure 6. Three-dimenstional rendering views of the 4D phase tomograms obtained for the polypropylene sample at different laser irradiation times [63]: (a) 24 s, (b) 28 s, (c) 32 s, (d) 36 s, (e) 40 s, (f) 44 s, (g) 48 s, (h) 52 s, and (i) 56 s. 
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Figure 7. Tomographic reconstruction from visibility reduction for a carbon fiber reinforced polymer (CFRP) sample [65]: (a) Sagittal section views at different times after starting laser irradiation, and axial section views at (b) 1 s and (c) 17.5 s on the position indicated by the yellow arrow in (a). 
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Figure 8. Configurations of X-ray phase microscopy by the combination of a Fresnel zone plate (FZP) and gratings: Approaches by (a) Talbot interferometry and (b) single phase grating. 
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Figure 9. Phase tomogram of a removed malleal processus brevis (mPb) from a mouse nine days after birth [71]: (a) Axial view, (b) meridian view, (c) location of the sample in a body (X-ray and optical pictures) [72]. 






Figure 9. Phase tomogram of a removed malleal processus brevis (mPb) from a mouse nine days after birth [71]: (a) Axial view, (b) meridian view, (c) location of the sample in a body (X-ray and optical pictures) [72].



[image: Qubs 04 00009 g009]







[image: Qubs 04 00009 g010 550] 





Figure 10. Optical configuration of the X-ray phase microscope (a) and the images of a larval Ciona robusta [77]: (b) Twin phase image, (c) phase image by simple deconvolution, and (d) phase image by iterative deconvolution algorithm. Scale bar: 10  μ m. 
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Figure 11. Gd absorption grating fabricated by inclined evaporation [89]: (a) Illustration of Gd deposition by repleting evaporation at every step of Si grating shift. The geometrical direction of the Gd source changes by the shifts. (b) Photograph of a Gd grating with an area of 64 mm × 64 mm. (c) Image of scanning electron microscopy obtained for a section of Gd grating made by a focused ion beam. 
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Figure 12. Results (differential phase images) obtained for rod samples of Ti and Al by a neutron Talbot–Lau interferometer with the time-of-flight (TOF) method: (a) Image obtained from the data of 5 Å only, (b) wavelength dependence of the differential phase, (c) image calculated assuming    φ x  ∝  λ 2   , and (d) image produced in the normal way with out resolving energy (wavelength). The color implies the moiré phase, which corresponds to    z s   φ x  /  d 2   . Scale bar: 2 mm. 
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